In this work, we report for the first time on the use of melt spun glass-forming alloysTi 75 Zr 10 Si 15 (TZS) and Ti 60 Zr 10 Si 15 Nb 15 (TZSN) -as substrates for the growth of anodic oxide nanotube layers. Upon their anodization in ethylene glycol based electrolytes, highly ordered nanotube layers were achieved. In comparison to TiO 2 nanotube layers grown on Ti foils, under the same conditions for reference, smaller diameter nanotubes (~116 nm for TZS and ~90 nm for TZSN) and shorter nanotubes (~11.5 µm and ~6.5 µm for TZS and TZSN, respectively) were obtained for both amorphous alloys. Furthermore, TEM and STEM studies, coupled with EDX analysis, revealed a double-wall structure of the as-grown amorphous oxide nanotubes with Ti species being enriched in the inner wall, and Si species in the outer wall, whereby Zr and Nb species were homogeneously distributed.
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
2 Titanium and its alloys are widely used for orthopaedic implants due to their high mechanical strength, biocompatibility, and enhanced corrosion resistance compared to stainless steel or CoCr-alloys [1, 2] . However, conventional alloys often contain cytotoxic elements, such as Al and V, which can be released from the alloys in biological environments [3] . Compared to crystalline alloys, glass-forming Ti alloys with amorphous structure show improved
properties, e.g. higher strength, and in part, a lower Young's modulus, as well as higher wear resistance, and comparable corrosion stability. [4, 5] , with the aim to be used for implant applications. Both alloys showed very low corrosion rates in simulated body fluid and apatite forming ability [6] . In addition, the Nb containing alloy showed an improved glass-forming ability and mechanical properties compared to the Ti 75 Zr 10 Si 15 [4] [5] [6] .
The surface of the implants plays an important role for their successful osseointegration. The native TiO 2 layer, which is approximately 2-5 nm thick, at the metal or alloy surface is defined as bioinert, and cannot easily bind to the bone tissue. Only thicker and more stable TiO 2 based oxide layers were shown to be favourable for the surface bioactivity [7, 8] .
Various surface modifications of the Ti and Ti alloys have been proposed and are currently used, e.g. thermal or plasma spraying, sparking, or anodic oxidation [2, 9] . For glassy Ti alloys, those studies are still rather scarce. The Ti-Zr-Si(-Nb) alloys have recently been investigated regarding the possibility of surface modification by thermal oxidation treatment without changing the alloys microstructure [10] .
Anodic oxidation is a robust solution for surface treatment yielding an oxide layer on the substrate (working electrode), with a thickness that is proportional to the applied potential between the working and counter electrodes. It is well-known that the anodization of Ti leads to the formation of TiO 2 nanotubes when using fluoride containing electrolytes [11] [12] [13] [14] .
3 Furthermore, during the last years, it was shown that also other valve metals, such as Zr [15] [16] [17] and Nb [18, 19] , and several Ti binary [20] [21] [22] , ternary [23, 24] and quaternary alloys [25, 26] can be anodized to nanotubular or nanoporous structures in fluoride containing electrolytes. The nanotubes grown on these alloys are similar to pure TiO 2 nanotubes. They can show interesting properties depending on the anodization conditions. For instance, on some of these alloys, nanotubes with different scales were developed during anodization at a constant potential [22, 23, 25, 26] . Moreover, in case of the binary Ti-35Zr alloy nanotubes with alternating compositions were observed when the fluoride content in the electrolyte was changed [20] . To the best of our knowledge, all these substrate materials had a crystalline structure.
In this work, for the first time two glass-forming Ti alloys - -were anodized in an ethylene glycol based electrolyte to obtain nanotube layers. As the alloys have an amorphous structure, they have naturally no grain structure. This is especially interesting since for the anodization of crystalline Ti, the grain structure plays an important role regarding the nanotube uniformity [27, 28] . The dimensions of the obtained nanotubes were compared with those obtained on reference Ti substrates, and differences in the current transients were analysed.
Transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM) analyses, combined with energy dispersive x-ray spectroscopy (EDX) measurements were carried out on different regions along the nanotube walls, to analyse their structure and composition in detail.
Experimental
Ingots An ethylene glycol based electrolyte was used containing 1.5 vol.% deionized water and 88 mM NH 4 F. All electrolytes were prepared from reagent grade chemicals (Sigma-Aldrich).
Before use, all electrolytes were aged for 9 hours by anodization of blank Ti substrates at 60 V under the same conditions as for the main anodization experiments [29] . For all experiments, electrolytes of the same age were employed. The alloys were anodized at 60 V for 6 hours. At the beginning of the anodization process, the potential was swept from 0 V to [12, 14] . Fig. 1 shows the polarization curves and the current transients for both alloys and Ti recorded upon
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anodization at 60 V for 6 h. The shape of the curve for Ti is typical for the anodization in fluoride containing ethylene glycol based electrolytes [12] . Briefly, at the beginning of the anodization process the current increased due to the formation of a compact oxide layer. The current maximum was reached already during the sweeping, at approximately 18 V. After reaching the final set potential (in this case 60 V), the current decreased rapidly. As the current minimum was reached, small pores began to develop randomly in the oxide layer, leading to a further current increase, due to an increased active area until a maximum number of pores, being transformed into separated nanotubes, was formed. Subsequently, the tubes grow in length and the current slowly decreased. Looking at Fig. 1 , a similar behaviour was observed for both alloys. However, distinct differences were observed during the sweeping period at the beginning of the anodization. For both alloys, a large current plateau at nearly the same current level was found, which was in the same time the current maximum. The current dropped quickly after the constant potential of 60 V had been achieved. Other differences were observed in the position and shape of the current maximum on current transients within the following 2-3 hours of anodization (indicated by arrows in Fig. 1 ). For
Ti, a broad peak with maximum current was recorded after approx. 1 hour of anodization. As described above, this is very typical for the anodization under these conditions [12, 29] .
Regarding the amorphous alloys, the recorded currents had different transients compared to Ti. After approximately 15 min of anodization, the current for the TZS alloy began to increase sharply, and reached its maximum after approximately 1 hour. The current for the TZSN alloy, however, began to increase after more than 1.5 hours, and reached its maximum after approximately 2 hours and 15 min. This could imply that a longer time was needed for the development of the nanotube structure on this Nb-containing alloy compared to the Ti and TZS. The fact that Nb slows down the nanotube development in ethylene glycol electrolytes was not described in the literature for anodization of TiNb alloys. In contrast, in an aqueous
HF containing electrolyte, longer nanotubes were grown on the Ti45Nb alloy than on the pure Ti [21] , and in ethylene glycol based electrolytes a Nb content between 5 and 40 wt% in TiNb alloys did not show a significant influence on the nanotube layer thickness [30] . Beside all the above described variations in the data plots, the anodization was completed after 6 hours, with currents on approximately same level. Fig. 2 shows SEM images of the nanotubes grown on both alloys after anodization described in Fig. 1 . It is obvious that on both alloys, uniform nanotube layers were formed. In addition, as can be seen from the top views ( Fig. 2a and 2d ) and cross-section views ( Fig. 2c and 2f) , the nanotubes were bundled, however, only on the very top of the nanotube layers. This bundling is known from the literature for TiO 2 nanotube layers, and it is believed that it is caused by capillary forces between adjacent nanotubes during evaporative drying of the wet layers after sonication [31] .
Morphological characterization of oxide nanotubes with SEM
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8 Another interesting feature of the nanotubes was the two-fold distribution of the tube bottom diameter for the TZS nanotube layer. This feature, most typically entitled "two-size scale diameter" was already reported for crystalline Ti alloys, such as the quaternary Ti29Nb13Ta4.6Zr alloy [26] or the binary Ti45Nb [22] , but also for TiO 2 nanotube layers grown on Ti substrates [32] . However, in the literature, the nanotubes grown on alloys showed the two size scale on the bottom as well as on the top of the tubes. In case of TZS the differences in sizes were only observed on nanotube bottoms. This means that some of the nanotubes became wider towards the bottom, while others become smaller. For the TZSN nanotube layers, this phenomenon was not observed. 3a shows bar charts plotting the evaluated inner nanotube diameter and nanotube length for both alloys, and Ti as reference, after anodization at 60 V for 6 h in electrolytes of the same age. Considering the diameter, the largest inner diameter nanotubes were obtained within the TiO 2 nanotube layer with ~124 nm, followed by the TZS nanotube layer with ~116
9 nm. The TZSN nanotube layer exhibited the smallest nanotube diameter (~90 nm). As shown in Fig. 2b , however, the bottom parts of the TZS alloy display two-size scale of the nanotubes. Fig. 3b shows a histogram of the diameter distribution for the nanotube layers on this particular TZS alloy, obtained by analyses of SEM images taken from the bottom part of the nanotube layer. Considering the nanotube length, the same trend was observed as for the nanotube diameteri.e. the longest tubes of ~14 µm were grown on Ti and shortest nanotubes of ~6.5 µm on the TZSN alloy.
A C C E P T E D M A N U S C R I P T
An explanation for these dimensional differences can be provided by different nanotube In the literature it was shown that the nanotube length of Ti-Zr alloys increases with the Zr content, while at the same time the nanotube diameter decreases. However, the impact is relatively small for Ti-Zr alloys with less than 20 wt.% Zr [34] . Looking at the dimensions of nanotube layers grown on Ti-Nb alloys in ethylene glycol electrolytes, the content of Nb does not show an influence on the nanotube length and diameter [30] within the given compositional interval. Finally, the literature for Ti-Zr-Nb reports that when Nb content is fixed and Zr content is increasing (i.e. Ti content is decreasing), the nanotube length is increasing as well (in line with the Ti-Zr literature [34] ), but the diameter hardly changes [35] . The rest of the literature on Ti-Nb-Zr alloys does not compare to the results found in this study, as mostly diverse alloy composition and electrochemical conditions were used, that do not allow to see any trends. The only report on the nanotube growth on quarternary alloy having similar composition (Ti-Nb-Zr-Ta, Ref. [25] ) does not contain any compositional aspect and related discussion. Finally, there is no report on the nanotube growth on Ti-Si alloys in ethylene glycol electrolytes, to the best of our knowledge.
In conclusion, it seems that the presence of Si in the alloy is the reason for shorter tubes on both presented alloys herein compared to the TiO 2 nanotubes. Even in the presence of Zr in
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11 the alloy, that itself would lead to longer tubes on the alloy compared to pure TiO 2 nanotubes, Si seems to have a dominance for the anodization of alloys used in this study. At first, results indicated the elemental concentrations determined for the air-side of the metallic substrate (with a depth of the analysis region of ~600 nm), deviated from the nominal bulk composition of the melt spun ribbon. In particular, the Ti was depleted while the Si appeared to be enriched. The processing of the glass-forming alloy by means of singleroller melt spinning on a Cu wheel, yielded very high cooling rates but, nonetheless, a certain cooling rate gradient from the wheel-side to the air-side of the solidifying material was present. As a consequence, structural and chemical gradients were present in the alloy ribbons. Therefore, the limited glass-forming ability of those Ti-Zr-Si(-Nb) alloys yielded in a preferential precipitation of single beta-type nanocrystals within the glassy matrix on the air-side region. This was already discussed in [5] . The EDX analysis of alloy substrates in the present study, disclosed also compositional deviations at the air-side regions with local enrichment of Si as the lightest constituent.
Structural and compositional characterization of anodized alloy surfaces with TEM
Further, EDX analysis of the different regions of the oxide nanotubes revealed that all alloying elements contributed to the oxide nanotube growth. Ti was present in the tubes with a content higher than 50 %, thus an amorphous Ti oxide was the base compound of the tubes.
But all other elements were revealed in the oxide in a similar fraction as in the metallic substrate implying that they are incorporated in the base oxide. Considering the low error
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13 limits of this analysis method, no clear compositional gradient along the oxide tube walls was detectable.
In addition, when detailed analyses of the intensity as well as of the local structure were carried out by HR-TEM (not shown here), the atomic density of both walls seemed to be different. Therefore, oxide nanotubes on the quaternary alloy TZSN were subjected to more detailed and more precise compositional analyses using HR-TEM equipped with highresolution EDX and STEM detectors. Analyses were devoted to the detailed chemical analysis of the amorphous double-walls of the oxide nanotubes. In However, it can be speculated that this is due to different dissolution rates of metal oxides and metals in the used electrolyte. For better understanding of these variations, much more detailed analyses between electrochemical growth and detailed structural compositions (of single metals and binary, ternary and quaternary alloys of all metals) would have to be carried out. These analyses are beyond the scope of this work.
However, in literature, compositional difference between outer and inner wall have been ascribed to the decomposition of the organic electrolyte during the anodization leading to an inner C-rich tube region [38] . However, local mapping of the C-K edge using EELS (not shown here) revealed a homogeneous and quantitatively small carbon presence in the oxide tubes, and in the substrate vicinity, which is mainly caused by contaminations. Thus, smaller nanotube diameter and shorter nanotube length were found. This phenomenon can be ascribed to the different oxide growth and dissolution rates of the alloying elements. Detailed HR-STEM and EDX investigations confirmed that the as-formed nanotubes on both glass-A C C E P T E D M A N U S C R I P T
A C C E P T E D
